Because genetic linkage studies identified mutations in TRPV4 in patients with peripheral neuropathies, the function of TRPV4 in peripheral neurons is questioned. Results: TRPV4 was found to promote neurotrophic factor-driven neuritogenesis. Conclusion: TRPV4 mediates neurotrophic factor-driven neuritogenesis in peripheral neurons. Significance: This explains molecular mechanisms underlying neuritogenesis and maintenance of peripheral nerves.
Spinal muscular atrophy and hereditary motor and sensory neuropathies are characterized by muscle weakness and atrophy caused by the degenerations of peripheral motor and sensory nerves. Recent advances in genetics have resulted in the identification of missense mutations in TRPV4 in patients with these hereditary neuropathies. Neurodegeneration caused by Ca 2؉ overload due to the gain-of-function mutation of TRPV4 was suggested as the molecular mechanism for the neuropathies. Despite the importance of TRPV4 mutations in causing neuropathies, the precise role of TRPV4 in the sensory/motor neurons is unknown. Here, we report that TRPV4 mediates neurotrophic factor-derived neuritogenesis in developing peripheral neurons. TRPV4 was found to be highly expressed in sensory and spinal motor neurons in early development as well as in the adult, and the overexpression or chemical activation of TRPV4 was found to promote neuritogenesis in sensory neurons as well as PC12 cells, whereas its knockdown and pharmacologic inhibition had the opposite effect. More importantly, nerve growth factor or cAMP treatment up-regulated the expression of phospholipase A 2 and TRPV4. Neurotrophic factor-derived neuritogenesis appears to be regulated by the phospholipase A 2 -mediated TRPV4 pathway. These findings show that TRPV4 mediates neurotrophic factor-induced neuritogenesis in developing peripheral nerves. Because neurotrophic factors are essential for the maintenance of peripheral nerves, these findings suggest that aberrant TRPV4 activity may lead to some types of pathology of sensory and motor nerves.
Spinal muscular atrophy, Charcot-Marie-Tooth disease, and hereditary motor and sensory neuropathy type II are heterogeneous genetic disorders that affect peripheral nerves (1, 2) . Patients with these congenital neuropathies experience muscle weakness in scapular and peroneal muscles or the diaphragm, or develop laryngeal palsy (3) . These neuropathies are classified as axonal, nondemyelinating degenerations of sensory and motor nerves because nerve conduction velocities are unchanged (1, 2, 4) . Recent genetic linkage studies in patients indicate that mutations in the ankyrin repeat domains of TRPV4 are implicated in the neuropathies (5) (6) (7) (8) . The gain-of-function mutations in the ankyrin repeat domain of TRPV4 are known to cause degenerative diseases involving peripheral nerves (6, 7, 9) . Gain-of-function mutants such as R269H and R316C elicit increased current responses to TRPV4 agonists as well as Ca 2ϩ loading to cells. These Ca 2ϩ overloads caused by constitutive activities of TRPV4 mutants are believed to be a leading cause of neurodegeneration of peripheral nerves (6, 9) . Although the association between TRPV4 mutation and motor/sensory neuropathies has been clearly established, the physiological function of TRPV4 in sensory and motor neurons in the normal condition remains unknown.
TRPV4 is a nonselective cationic channel with six transmembrane domains and six ankyrin repeats in its N terminus, and was originally found to be an osmosensor (10, 11) . However, TRPV4 is now known to be a versatile channel that is activated by a variety of physical stimuli, such as, innocuous heat and mechanical stress, and by various endogenous or synthetic chemicals (12) . In particular, arachidonic acid and its metabolite, 5,6-epoxyeicosatrienoic acid (5,6-EET) 2 and anandamide are endogenous activators of TRPV4 (13) , as are phorbol esters like 4␣-phorbol 12,13-didecanoate (4␣-PDD) (14) . Besides peripheral neuropathy, mutations in TRPV4 are known to cause skeletal dysplasias and arthropathy of hands and feet (15, * This work was supported by Grant R31-2008-000-10103-0 from the World , and TRPV1 (a marker of nociceptors). TRPV4 was found to be expressed in both small and large neurons. Scale bar,25m. E, immunostaining of adult mouse spinal cord with anti-TRPV4 and NeuN. Immunofluorescence for TRPV4 was enhanced in large motor neurons in the ventral horn (a) and in small interneurons in the dorsal horn of the spinal cord (b). F, immunostaining of an adult mouse spinal cord with anti-TRPV4 and GFAP (a glial cell marker). TRPV4 immunoreactivity was not found to colocalize with that of GFAP in the ventral (a) and dorsal horn (b) of the spinal cord. G, immunostaining of an adult mouse gastrocnemius muscles with anti-TRPV4 and ␣-bungarotoxin (␣-BTX), a neuromuscular junction marker. ␣-Bungarotoxin was conjugated with Alexa Fluorா 555.
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). TRPV4 is widely expressed in many cell types, such as, urothelial cells, airway epithelial cells, epidermal keratinocytes, smooth muscle cells, and chondrocytes (12) , but its expression in brain is limited only to the hippocampus and circumventricular organs (2, 17, 18) . In contrast to its weak expression in the brain, TRPV4 is well expressed in sensory neurons such as dorsal root and trigeminal ganglion neurons and autonomic neurons in the sympathetic ganglia (12) .
Neurite sprouting, elongation, and neuritogenesis are important events in early neuronal differentiation, and form the basis of proper neuronal connectivity and brain function. Furthermore, neurotrophins, such as, nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and glial cell-derived neurotrophic factor (GDNF), are important regulators of neuritogenesis and closely connected with the pathophysiological mechanisms of human neuropathies (19) . NGF is a multimeric protein that promotes nerve growth and differentiation in the nervous system (20) , and is widely expressed in the developing brain (21) . Moreover, mutations of TrKA (a NGF receptor) have been found in hereditary and developmental neuropathies (22) . On the other hand, BDNF is known to promote neurite growth and the differentiation of cochleovestibular ganglion neurons (23) , and to decrease preganglionic synaptic innervation to sympathetic neurons in BDNF-deficient mice (24) . GDNF has been reported to induce neurotrophic activity in developing and mature motor neurons of the brain and spinal cord (25) , and to enhance neurite branching and elongation from developing dopamine neurons (26) . Thus, it appears that neurotrophins are indispensable for the genesis and maintenance of peripheral nerves.
Control of cytoskeleton assembly is essential for axonal growth (27) , and NGF induces rapid ruffling and cytoskeletal rearrangements (28) , whereas BDNF increases the filopodial dynamics of growth cone regulating actin depolymerization factor (29) . Furthermore, BDNF-and GDNF-induced neuronal differentiations require cAMP up-regulation (30), whereas NGF promotes neurite growth in a cAMP-independent manner (31) . It has also been established that these neurotrophins use the mitogen-activated protein kinase (MAPK) pathway to promote neurite growth (32) , and this pathway is known to regulate scaffold and cytoskeletal dynamics in response to neurotrophic factors (33) . However, the molecular mechanisms responsible for actin assembly downstream of MAPK have not been established in the context of neurotrophin-induced neuritogenesis.
Because TRPV4 dysfunction is linked to peripheral congenital neuronal degeneration, we considered that TRPV4 might control neuritogenesis in the developing peripheral neurons. Thus, the main goal of the present study was to determine whether TRPV4 relates axonal growth in peripheral nerves. 
EXPERIMENTAL PROCEDURES
Cell Culture-Pheochromocytoma cell 12 (PC12) cells were grown on collagen-coated plates in DMEM supplemented with 10% horse serum and 5% fetal bovine serum. Differentiation was conducted in DMEM supplemented with 2% horse serum, 1% fetal bovine serum, and nerve growth factor (100 ng/ml, Invitrogen), which was changed every 2 or 3 days, until differentiation was complete (5-7 days). Dorsal root ganglion (DRG) neurons were dissected in neonatal rats, plated on poly-D-lysine and laminin-treated coverslips, and incubated at 37°C in 95% air, 5% CO 2 .
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)-Total RNA was extracted using easy-BLUE TM solution (iNtRON Biotech), and reverse transcribed using a Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science). RT-PCR was performed as per the manufacturer's instructions using sets of specific primers, namely TRPV4 (5Ј-ACC ACG GTG GAC TAC CTG AG-3Ј and 5Ј-GAT TCA GCA GGG TCA CCA GA-3Ј) and cPLA2 (5Ј-ATT CTC CGG TGT GAT GAA GG-3Ј and 5Ј-GTC CGG TTT GAC ATG GAG AC-3Ј).
Small Interfering RNA (siRNA) Treatment-Nucleotide oligomer siRNA (40 M) targeting rat TRPV4 (5Ј-AGA UCG AGA ACC GCC AUG A-3Ј) or scrambled siRNA (5Ј-CCU ACG CCA CCA AUU UCG U-3Ј) labeled with fluorescein were transfected into PC12 cells using Lipofectamine 2000 TM (Invitrogen) 1 day after plating.
Measurement of Neurite Lengths-The lengths of neurites of PC12 cells and DRG neurons were measured using ImageJ software (National Institute of Health) after acquiring images using a fluorescent microscope. Percentages of cells bearing neurites were determined by counting more than 100 cells in randomly chosen fields. Cells with processes longer than a cell diameter were counted as positive. Cells with multiple processes were counted only once, and cell aggregates were disregarded. The neurite lengths of cortical neurons were determined using NeuriteTracer software.
Calcium Imaging-Cells were loaded with Fluo3-AM (5 M, Invitrogen) containing 0.1% Pluronic F-127 (Invitrogen). To follow the temporal course of [Ca 2ϩ ] i , intensities of fluorescent images were measured at 488 nm every 3 s. Twenty-four hours after transfection with human TRPV4 wild type or mutant TRPV4 P19S using FuGENE HD (Roche Applied Science), basal [Ca 2ϩ ] i levels were determined by measuring fluorescent intensities after incubating cells with Fluo3-AM for 40 min.
Immunocytochemistry-PC12 cells and DRG neurons cultured on round coverslips were fixed with 4% paraformaldehyde. Mouse monoclonal antibody raised against rat Tuj-1 (neuron-specific class III ␤-tubulin; 1:1000 dilution; Abcam) was incubated overnight at 4°C. The primary antibodies were bathed for 1 h at 37°C with Alexa Fluor 488-conjugated goat anti-mouse IgG (diluted 1:1000; Molecular Probes).
Immunohistochemistry-After being anesthetized, mice were perfused transcardially with saline followed by a phosphate-buffered saline containing 4% paraformaldehyde. Spinal cords and DRGs were excised and placed in 4% paraformaldehyde for 24 h. Fixed tissues were then embedded in wax, sectioned at 5 m, and placed on slides. After de-waxing, immunohistochemical staining was performed using antisera to TRPV4 (Abcam), NF-M (Santa Cruz Biotechnology), TRPV1 (Millipore), NeuN (Millipore), or GFAP (Millipore). Sections were then preincubated for 1 h in a solution containing 4% bovine serum albumin and 0.05% Tween 20, and incubated overnight at 4°C in a solution containing primary antibodies. Finally, they were incubated for 1 h at 37°C with Alexa Fluor 488-conjugated goat anti-rabbit IgG or Alexa Fluor 546-conjugated goat anti-mouse IgG (diluted 1:1000; Molecular Probes).
Western Blot-PC12 cells were lysed with PRO-PREP TM protein extraction solution (iNtRON Biotech). The lysates were subjected to a 8% SDS-PAGE gel and transferred to PVDF membrane using the semi-dry transfer cell (Bio-Rad). The membranes were treated for 1 h with TBS-T solution (20 mM Tris/HCl, 500 mM NaCl, 0.1% Tween 20) containing 2-5% skimmed milk powder and then incubated with polyclonal antibodies against cPLA 2 (Santa Cruz Biotechnology), ␣-tubulin (Millipore), and TRPV4 (Abcam) overnight at 4°C on a rotary shaker. The membranes were washed three times (10 min each) in the TBS-T solution, incubated with secondary antibody for 1 h, and washed three times with the TBS-T solution. The West-one TM ECL solution (iNtRON Biotech) was poured onto the membranes and exposed to x-ray film.
Plate Shaking Assay-PC12 cells were cultured on 6-well plates to a maximum confluence of 80%, and then treated with NGF and/or TRPV4 activators for 1 day. Plates were rotated on a shaker at 250 rpm for 1 h (NGF un-treated cells were rotated Statistical Analysis-All results are expressed as mean Ϯ S.E. Significances of differences were determined by one-way analysis of variance followed by the Turkey's post-hoc test for multiple comparisons. Statistical significance was accepted at p values of: *, Ͻ 0.05; **, Ͻ 0.01; or ***, Ͻ 0.001, as indicated.
RESULTS

TRPV4 Was Highly Expressed in Developing Peripheral
Neurons-Initially, we examined the expression of TRPV4 in sensory neurons in DRGs and motor neurons in the spinal cord of neonatal or adult mice. Dense TRPV4 immunoreactivity was observed in DRG neurons at postnatal day 1 (P1) (Fig. 1A) , and a similar pattern was also found in the DRGs of adult mice, in which TRPV4 immunoreactivity was found in the somata and nerve trunks of DRG neurons (Fig. 1B) . TRPV4-positive cells were widely distributed in both small and large DRG neurons in adult mice, in which it co-localized with neurofilament M (a marker of myelinated DRG neurons; Fig. 1C ) and with TRPV1 (a marker of nociceptors; Fig. 1D ). In neonatal spinal cords, TRPV4 was expressed in neurons of the ventral and dorsal horn. In the ventral horn, TRPV4 immunoreactivity was observed in large motor neurons, which also stained for NeuN, a neuron marker (Fig. 1E) . However, TRPV4 immunoreactivity was not colocalized with GFAP (a glial cell marker; Fig. 1F ). Thus, TRPV4 was found to be expressed primarily in large motor neurons but not glial cells in the ventral horn of the spinal cord in neonates. In the dorsal horn, small TRPV4 positive interneurons were visible in deep laminae. However, a small number of neurons in superficial layers stained for TRPV4. As was observed in the ventral horn, TRPV4 immunoreactivity in the dorsal horn rarely co-localized with GFAP (Fig.  1F) . Furthermore, TRPV4 immunoreactivity is also present in the neuromuscular junction as colocalized with fluorophoreconjugated ␣-bungarotoxin, a marker for the neuromuscular junction (Fig. 1G) . These results suggest that TRPV4 is highly expressed in sensory and motor neurons in neonatal as well as adult mice.
TRPV4 Transcripts Levels Were Increased during Neurite Outgrowth-Because TRPV4 mutations are associated with peripheral neuropathy, we considered that the TRPV4 channel would be associated with neuritogenesis. To address this, we investigated the temporal expression patterns of the TRPV4 gene during neuronal outgrowth in PC12 cells and DRG neurons after neurites had been stimulated with NGF. When NGF was applied to cells for 6 days, outgrowing neurites stained for ␤-tubulin were visible ( Fig. 2A) . Furthermore, TRPV4 transcript levels increased in proportion to the lengths of dendritic or axonic neurites of PC12 cells or neonatal DRG neurons (Fig.  2, B and C) .
Effects of Knockdown and Overexpression of TRPV4 on Neuritogenesis-The positive correlation found between the TRPV4 transcript level and neurite length suggested that TRPV4 promotes neuritogenesis. To determine the functional role of TRPV4 in this process further, we knocked down TRPV4 using siRNA and examined its effects on neurite growth in PC12 cells. TRPV4 siRNA-treated cells showed an obvious reduction in transcript level as compared with scrambled siRNA-treated cells (Fig. 3A) . Furthermore, TRPV4 siRNA significantly reduced (p Ͻ 0.001, n ϭ 222-318) neurite length and the percentage of PC12 cells with neurites (Fig. 3, B and C) . On the other hand, the application of scrambled siRNA failed to affect neurite outgrowth or the percentage of cells with neurites, indicating that the TRPV4 channel is required for normal neuritogenesis.
TRPV4 was then overexpressed in PC12 cells and its effect on neuritogenesis examined. TRPV4 channel activities were confirmed by Ca 2ϩ imaging using Fluo-3AM (a Ca 2ϩ -sensitive fluorescent dye). TRPV4 expressing cells displayed a robust Ca 2ϩ increase after treatment with 5,6-EET, an endogenous activator of TRPV4 (13) (Fig. 3D) , whereas a Ca 2ϩ increase was barely detected in cells transfected with vector alone. Furthermore, TRPV4
P19S (a loss of function mutant of human TRPV4) elicited a significant reduction in Ca 2ϩ influx (34) . After culture for 6 days with NGF supplement, transfection of TRPV4
WT into PC12 cells significantly increased neurite length and the percentage of cells bearing neurites as compared with control PC12 cells transfected with empty vector (Fig. 3E) . Furthermore, transfection of TRPV4 P19S failed to increase neurite length or the percentage of cells bearing neurites. These results show that TRPV4 promotes neuritogenesis.
Pharmacological Perturbation of TRPV4 Alters Neuritogenesis-To determine whether TRPV4 actively controls neuritogenesis in primary cultures of DRG neurons or PC12 cells, pharmacological agonists or antagonists of TRPV4 were applied. 4␣-PDD, 5,6-EET, and arachidonic acid (AA) are syn- thetic or endogenous activators of TRPV4 (13, 14) . Treatment with 10 M 4␣-PDD or AA significantly increased neurite length and the percentages of cells bearing neurites in NGFtreated PC12 cells and DRG neurons (p Ͻ 0.001, n ϭ 196 -226) (Fig. 4, A-D) . Furthermore, treatment with 5,6-EET also significantly increased neurite lengths and the percentages of neurite bearing cells in both cell types (Fig. 4, B-D) . However, 14,15-EET, an inactive metabolite of AA in terms of activating TRPV4, failed to increase neurite length (Fig. 4, B and C) (13) . On the other hand, pharmacological blocking with ruthenium red (a pan-TRP channel blocker) completely prevented neurite extension in DRG and PC12 cells (Fig. 4, A-D) . Moreover, application of GSK1016790A, a newly synthesized agonist increases the neurite length in DRG neurons (Fig. 4E ) and PC12 cells (supplemental Fig. S1A ), whereas HC-067047, a newly synthesized antagonist of TRPV4 reversely decreases the neuritogenesis in DRG neurons (Fig. 4E ) and PC12 cells (supplemental Fig. S1B) (35, 36) . These results further suggest that TRPV4 participates in the control of neurite length.
NGF-induced Neuritogenesis Required TRPV4 Activity via PLA 2 Pathway-We then sought to determine the signals upstream of TRPV4. Because NGF is required for neurite growth of sensory neurons (22) and NGF-treated neuronal cells showed elevated TRPV4 expression during neurite growth (Fig.   FIGURE 6 . TRPV4 regulated cAMP-dependent neurite growth. A, treatment of PC12 cells with 1 mM cAMP increased the transcript levels of PLA 2 and TRPV4, but co-treatment with PD098059 inhibited these transcript level increases. B, treatment of 1 mM cAMP increased the protein expression of PLA 2 and TRPV4. C and D, PC12 cells treated with 1 mM cAMP showed markedly enhanced neurite growth, and co-treatment with 250 nM melittin augmented this growth, whereas co-treatment with 10 M PD098095 or 20 M AACOCF 3 suppressed cAMP-induced neurite growth (C). The TRPV4 activators, AA, 5,6-EET, and 4␣-PDD augmented cAMP-induced neurite growth (D). ***, p Ͻ 0.001 versus untreated cells (CTL); ###, p Ͻ 0.001 versus cAMP-treated cells (cAMP). E and F, treatment of PC12 cells with 10 M forskolin (FSK) significantly promoted neurite growth, and co-treatment with melittin augmented this growth, but co-treatment with PD098095 or AACOCF 3 suppressed FSKinduced neurite growth (E). The TRPV4 activators, AA, 5,6-EET, and 4␣-PDD augmented cAMP-induced neurite growth (F).
2), we hypothesized that NGF utilizes TRPV4 to control neurite growth. Furthermore, because NGF would stimulate cytosolic phospholipase A 2 (PLA 2 , an enzyme that releases AA from phosphoglycerides) (37), we considered that AA and its metabolite, 5,6-EET, were found to stimulate neuritogenesis. Therefore, we examined whether NGF regulates the expression levels of PLA 2 and TRPV4. Remarkably, when PC12 cells were treated with NGF, the PLA 2 and TRPV4 transcript levels were markedly increased (Fig. 5A) . Furthermore, this increase in PLA 2 transcript levels was reduced by disrupting the NGF signaling pathway with PD98059, a MEK inhibitor (Fig. 5A) . The increase in protein expression of PLA2 and TRPV4 in Western blots was also observed after NGF treatment (Fig. 5B) . We then examined whether perturbation of the activity of PLA 2 affects neuritogenesis. Application of melittin (a PLA 2 activator) markedly stimulated NGF-induced neurite growth, whereas AACOCF 3 (a PLA 2 inhibitor) significantly retarded this growth (p Ͻ 0.01, n ϭ 76) (Fig. 5C ). These results suggest that NGF promotes neuritogenesis via the PLA 2 /TRPV4 pathway.
cAMP-induced Neuritogenesis Required TRPV4 ActivityThe up-regulation of intracellular cAMP is known to promote neuronal survival, cell growth, and differentiation, and cAMP induces neuronal outgrowth via the B-Raf/MAP kinase pathway (38) . In addition, combined stimulation with cAMP and NGF has been reported to have an additive effect on neuronal differentiation via MAPK activation (39) , which raises questions regarding whether cAMP-induced neuritogenesis also utilizes TRPV4 for neuronal outgrowth. To test this possibility, we examined the effects of the pharmacological disruption of the PLA 2 /TRPV4 pathway on cAMP-stimulated neurite outgrowth. As shown in Fig. 6, A and B , the transcript and protein levels of PLA 2 and TRPV4 progressively increased after cAMP treatment. Furthermore, these increases were reduced by PD098059 (Fig. 6A) .
As was observed for NGF, cAMP treatment markedly promoted neurite growth (Fig. 6, C and D) , and cAMP-induced neurite growth was significantly suppressed by PD098059 and AACOCF 3 . In contrast, melittin significantly augmented neurite growth to a level greater than that shown by cAMP-treated cells (Fig. 6, C and D) . Forskolin (an activator of adenylyl cyclase) also promoted neurite growth, and this was significantly suppressed by preincubation with PD098059 or AACOCF 3 (Fig. 6, E and F) . In addition, all endogenous or synthetic activators of TRPV4 augmented cAMP-and forskolininduced neurite growth ( Fig. 6F and supplemental Fig. S2 ).
TRPV4 Increased Actin Polymerization and Cell AdhesionMicrotubule assembly and disassembly are required for cytoskeleton rearrangement (27) , and NGF-induced neuritogenesis is accompanied by cytoskeleton reorganization (40) . If TRPV4 regulates NGF-induced neuritogenesis, it probably affects actin polymerization. We found that when stained with F-actin antibody, treatment of NGF-stimulated PC12 cells with 4␣-PDD or 5,6-EET significantly increased actin polymerization (Fig. 7,  A-C) . Notably even in the absence of NGF, these TRPV4 agonists increased actin polymerization (Fig. 7C ), although to a lesser degree than in the presence of NGF, implying that active TRPV4 is a potent cytoskeleton modifier.
Cell adhesion is also required for neuritogenesis during brain development (41) , which suggests that if TRPV4 regulates neuritogenesis, it might also affect cell adhesion. To examine this possibility, we counted numbers of cells (by nuclear staining) that remained attached to a plate after shaking. When PC12 cells were treated 10 M 4␣-PDD or 300 nM 5,6-EET for 24 h, the number of attached cells after shaking for 1 h was significantly increased (p Ͻ 0.01, n ϭ 15) (Fig. 7, B-D) . This increase in attached cell numbers by 4␣-PDD or 5,6-EET was observed in cells not treated with NGF, which confirmed that TRPV4 is the downstream signal to NGF that promotes actin polymerization and cell adhesion.
DISCUSSION
The present study shows that TRPV4 is required for regulating neuritogenesis in developing neurons. TRPV4 was observed in sensory and motor neurons in neonatal and adult mice, and TRPV4 transcript levels increased as the neurites of DRG neurons grew. Furthermore, knockdown of TRPV4 retarded NGFinduced neurite growth, whereas its overexpression enhanced neurite growth, and the pharmacological inhibition of TRPV4 activity inhibited neuritogenesis. Furthermore, NGF, which is essential for peripheral neuron survival, up-regulated TRPV4 and PLA 2 , presumably via the MAPK pathway. Thus, PLA 2 upregulation presumably resulted in the release of AA and 5,6-EET, which activated TRPV4 and increased [Ca 2ϩ ] i for neuritogenesis.
Interactions between target tissues and innervated nerves are essential for the maintenance and survival of sensory nerves, and if these interactions are disrupted, the neuropathy results. Neutrophins like NGF, BDNF, and GDNF mediate nerve-tissue interactions and are also required for peripheral nerve survival (24, 42, 43) . NGF depletion causes severe sensory and sympathetic neuron loss (44) . In mice with peripheral neuropathy, NGF promoted the recovery of peripheral nerves (45) . Schwann cells are known to release NGF and promote DRG neuron axonal growth by secreting NGF (46) , and thus, Schwann cell dysfunction affects the survival, maintenance, and differentiation of peripheral nerves. The adhesion of Schwann cells to extracellular matrix is crucial for peripheral nerve morphogenesis, growth, and myelination, and mutations in laminin or integrin subunit in Schwann cells have been shown to cause inherited peripheral neuropathy (47, 48) .
Cytosolic Ca 2ϩ controls axonal and dendritic growth and guidance, and these processes are critically dependent on the reorganization of the actin cytoskeleton by many actin-binding proteins. Thus, abnormal Ca 2ϩ homeostasis has been implicated in the induction of axonal degeneration in peripheral neuropathies (49) . Furthermore, increases in intracellular Ca 2ϩ regulate protein kinases, such as, Rho-associated kinase, myosin light chain kinase, and LIM kinases, which modify actin dynamics (50 -52) . Local changes in Ca 2ϩ transients involve Ca 2ϩ -dependent signals for neurite growth or retraction (53) . Thus, because TRPV4 is Ca 2ϩ permeable, the activation of TRPV4 evokes an increase in local Ca 2ϩ transients that probably regulate actin polymerization.
Neurons are differentiated via morphogenetic changes in response to mechanical tension, which is a potent stimulator of neurite growth, and it has been shown that osmotic dilution in culture medium promotes neurite growth by making axons more sensitive to tension (54) . Furthermore, osmotic pressure change is known to regulate cell surface area and volume adjustments via F-actin dynamics (55) . Originally, TRPV4 was found to be activated by hypotonicity-induced cell swelling (10, 11) . Subsequently, it was found that TRPV4-deficient mice show an osmotic sensing impairment in the central nervous system (56) . Cell swelling indirectly activates TRPV4 via the production of 5,6-EET by the PLA 2 /AA pathway (57) . Similarly, TRPV2 that is activated by membrane stretching also enhances axon outgrowth in developing sensory and motor neurons (58) . Thus, these reports further substantiate the regulation of neuritogenesis by TRPV4.
Summarizing, TRPV4 was found to be highly expressed in peripheral sensory/motor nerves, and its activation was found to regulate NGF or cAMP-induced neurite outgrowth. Furthermore, NGF or cAMP up-regulated TRPV4 and its upstream signal PLA 2 , and thus, TRPV4 appears to be critical for mediating neurotrophic factor-derived neurite growth in peripheral nerves. Despite the association of aberrant TRPV4 activity with congenital sensory/motor neuropathies, its physiological role in sensory/motor neurons has not been introduced. The present study shows that TRPV4 is essential for axonal growth of sensory/motor nerves in early development as well as for their maintenance in the adult. Thus, congenital alterations in TRPV4 activity are likely to result in some types of hereditary sensory/motor neuropathies, even though they may not be the major one.
